Reviewer #1 (Remarks to the Author):
1. Another Nature Immunology paper by Yu D and colleagues should be cited. 2. Figure 1a and 1b, the gating of PD1 high population was not consistent, with that in 1b shifted to right. 3. labels in many figure panels were too small. 4 . the in vitro expansion experiments seemed to be done in less than optimal conditions. The best expansion is about 1.5 fold after 14 day culture ( Figure 6 ). Are these specific to exhausted cells? How do memory CD8 T cells from acute infection behave under the same condition? Could culture conditions such as cytokine and peptide concentration can be optimized? 5. more info is needed for the one patient in figure 7 . Is the patient treated after relapse. Some data showed 70 weeks for viral load (7a), and called FU58, in legend called FU1yr. should be consistent. 6 . several times the authors stated "significant relative increase of TCF1 expression" (e.g., page 8, line 34). This is not accurate, what the authors referred to was actually increased in the percentage of TCF1-expressing cells. if they want to make a point on TCF1 expression level, MFI should calculated and compared. 7. page 7, line 5 "homogeneous CD127+PD1+" is an overstatement and not accurate, should be something like "strongly skewed to …" Reviewer #3 (Remarks to the Author):
Review of Wieland et al
In these studies Wieland and colleagues address the durability and differentiation state of HCVspecific CD8 T cells upon cure of chronic HCV infection by direct acting antivirals (DAAs). This is an important question. The data presented build on recent insights into subsets of exhausted CD8 T cells and features that might contribute memory potential or durability / recall capacity to a subset of exhausted T cells. Overall, the data presented are generally high quality and compelling, extend recent studies in mice to an important human chronic viral infection, and will be a valuable addition to the field. Despite enthusiasm for the work, there are a number of areas that could be improved and/or clarified.
The authors present an analysis of phenotypic changes in the HCV-specific CD8 T cell populations following SVR in Figure 3 . These data demonstrate a reduction in frequency of some subsets that are suggested to be terminal. One wonders whether it is possible to provide some additional information about numerical changes or other data to begin to address the question of selective survival/death versus conversion of phenotype. Does data exist on cell numbers / ul of blood (admittedly this will still be a frequency of sorts, but might add insight). Whether based on numbers or other approaches some additional insights into this question would be valuable.
The cytokine functional data is interesting, but the assay appears suboptimal (admitted by the authors). It is quite surprising that only ~30% of the flu specific CD8 T cells (the positive control) are functional using their assay. One possibility is that the tetramers are identifying cells that are not truly peptide-specific. This seems unlikely given the quality of the tetramer staining, but one does worry about this issue since such "background" staining could have a substantial impact on the phenotypic data (since non-specific tetramer staining often has a CD127+ phenotype). Do the authors have insights for this poor cytokine production (even after PMA/Ion)? What other controls were performed? Do bulk effector memory or TEMRA cells show better function to PMA/Ion? Does the tetramer enrichment or tetramer staining reduce function?
The TCF-1 correlation for proliferative status (i.e. Figure 6 ) is interesting, but it is unclear whether the correlations in Figure 6b /c are with the phenotype of the cells at the beginning of the assay or at the end. More importantly, the causal relationship of TCF-1 in this setting remains unclear. Have the authors considered attempting to express TCF-1 in TCF-1 negative cells or knock down TCF-1 in the TCF-1+ subset? Directly testing the prediction of their data would be nice.
Minor concerns:
In Figure 4f have the authors examined TCF-1 expression in the PD-1+CD127+ vs CD127+PD-1-subsets? In addition to percent positive, what does the MFI of TCF-1 look like in these subsets? Also, how does TCF-1 expression compare in subsets defined by Eomes expression? Figure 7 presents an interesting anecdote. While the difficulties in analyzing such examples is fully acknowledged, the lack of data between weeks 12 and 24 after DAA initiation is unfortunately and would have provided likely informative insights. Moreover, the number of events analyzed at EOT is very low and raises some concerns. It is certainly worth reporting these data, but if even a single additional such example were available confidence would be greatly improved.
In Supplemental Figure 2 , how does T-bet MFI compare to naïve CD8 T cells? Is cHCV low, but still above naïve? If so, how much above? For Supplemental Figure 3 , it might be worth presenting the CD122 data as MFI also given the potential challenge of identifying truly positive and negative cells for CD122.
Response to referees -Manuscript NCOMMS-16-21815-T "TCF1 expressing Hepatitis C virus-specific CD8+ T cells are maintained after cessation of chronic antigen stimulation"
We thank the reviewers for their valuable comments that helped to significantly improve our manuscript.
Following the reviewers suggestions, we have performed additional experiments and revised the manuscript accordingly. In the following, you will find a point-by-point rebuttal to the reviewers' comments.
REVIEWER 1
Reviewer 1 -Major issue 1:
"Identification of the TCF1-expressing subset in HCV patients is of interest. Because detection of TCF1 requires intracellular staining, functional characterization of this subset is therefore limited. In light of recent papers showing correlation of TCF1 and CXCR5 expression in the less exhausted, progenitor cells, the authors should determine the correlation between TCF1 and CXCR5 in their cohorts, before and after DAA.
Ideally Bcl6 expression can be also examined. It may not be possible to repeat on all patients, 3 replicates should be sufficiently informative." Indeed, recent publications in the LCMV mouse model revealed the existence of a CXCR5+ LCMV-specific CD8+ T-cell population in chronic infection that resides mainly in the white pulp of lymphoid organs 1, 2, 3 .
These CXCR5+ virus-specific CD8+ T cells are characterized by expression of TCF1, PD1 and BCL6 and function as a "stem cell-like" population for exhausted virus-specific CD8+ T cells during chronic viral infection. We completely agree with the reviewer that the question for co-expression of CXCR5 is highly relevant in our study, since we also report the existence of a TCF1+ PD1+ virus-specific CD8+ T-cell population. To address this point we analyzed PBMCs derived from 5 chronically HCV-infected patients who were treated with DAAs for co-expression of TCF1 and CXCR5 on HCV epitope-specific CD8+ T cells 24 weeks after end of treatment (FU24: follow up 24). The majority of HCV epitope-specific CD8+ T cells expressed TCF1 at FU24, however, we could not detect CXCR5+ HCV epitope-specific CD8+ T cells (3 representative HCV epitope-specific CD8+ T-cell responses are shown) (Rebuttal Figure 1a) . Of note, we also analyzed CXCR5 expression on total CD8+ T cells derived from PBMCs and did not detect a significant CXCR5+ CD8+ T-cell population (Rebuttal Figure 1b) . Thus, one explanation for the lack of CXCR5+ HCV epitope-specific CD8+ T cells could be that we analyzed PBMCs and not lymphoid tissue-derived cells.
Reviewer 1 -Major issue 2
Reviewer 1: "The entire study focused on the frequency of different population (except for the in vitro expansion experiments). This is hard to make firm conclusion without cell number counts. The authors claim that TCF1+ subset specifically persisted, however, it is possible that PD1 high subset was specifically eliminated after DAA treatment. The same argument applies to page 12, lines 6-10, where the conclusion is based on correlative, relative abundancy of the TCF1+ subset. This reviewer is aware that the cells were enriched using tetramer. Quantitative measurement is still possible and will be informative to support the authors' conclusion."
We agree with the reviewer that it is very important to have quantitative information to determine whether a subset of HCV epitope-specific CD8+ T cells is specifically maintained or depleted. Unfortunately, since Figure 2a and 2b, also
Supplementary Figure 6 in the revised manuscript). In agreement with that, the frequency of CD127+PD1+
HCV epitope-specific CD8+ T cells increased. Second, to determine whether the PD1hi subset is specifically eliminated, we analyzed the abundance of active caspase-8 in the different CD127/PD1 subsets.
Importantly, the CD127-PD1hi subset harbored significantly more active caspase-8 than the CD127+PD1+ subset of HCV epitope-specific CD8+ T cells which together with low BCL2 expression indicates higher susceptibility to apoptotic cell death (Rebuttal Figure 2c and d, also see Figure 2g of the revised manuscript). Together, these data support the hypothesis of a specific loss of CD127-PD1hi HCV epitopespecific CD8+ T cells after cessation of chronic antigen stimulation. The new results are now discussed on page 8 of the revised manuscript.
Reviewer 1 -Major issue 3
"Memory CD8 T cells undergo longitudinal maturation over time. The authors found that 12 weeks after DAA treatment, the TCF1+ subset showed limited improvement in cytokine production and proliferation capacity in recall response, compared with SpR. For SpR patients, is there information how long after the initial infection? Can the author perform follow up, longer than 12 weeks after DAA and determine if there is better functional improvement?"
We thank the reviewer for this important question. Of note, we have no information about the time point of initial infection in most cases of our SpR cohort. However, for four of the analyzed patients, early documentations by physicians indicate the year of HCV clearance (Rebuttal Table 1 , now implemented in Table 1 of the revised manuscript). In most spontaneous resolvers a previous HCV infection was detected as an incidental finding during a visit at the University Hospital Freiburg (anti-HCV IgG positive, HCV-RNA negative). 
Rebuttal Figure 2 (Supplementary Figure 6 and Figure 2f,g of the revised manuscript) Loss of CD127-PD1hi HCV epitopespecific CD8+ T cells during therapy. Frequency of (a) HCV epitope-specific CD8+ T cells or (b) the indicated CD127/PD1 subset of HCV epitope-specific CD8+ T cells among total CD8+ T cells during DAA therapy was calculated (n=18). (c) Active caspase-8 and (d) expression of BCL2 was determined in the CD127/PD1 subsets of HCV epitope-specific CD8+ T cells. Statistical significance was assessed by Friedman test (a,b) or Kruskal-Wallis test (c,d).

CD8 + HCV
To determine the question whether T-cell changes proceed in the long-term after DAA-mediated HCV elimination, we analyzed HCV-specific CD8+ T cells from additional patient samples at the latest follow-up visits available. As monitoring of the patients during DAA therapy typically ends at FU24, we only can provide data from 3 samples at FU24 and 2 samples at FU40. The phenotype of HCV epitope-specific CD8+ T cells at FU24 and FU40 seem to remain CD127+PD1+ (Rebuttal Figure 3a and 3b) . We also performed expansion experiments of HCV epitope-specific CD8+ T cells from baseline to the latest follow-up visits available to analyze their proliferative capacity beyond end of therapy (illustrated in Rebuttal Figure 3c ).
From these data, we cannot yet conclude whether HCV epitope-specific CD8+ T cells acquire a different phenotype over a very long period of many years (e.g. loss of PD1 expression as seen in spontaneous resolvers Another Nature Immunology paper by Yu D and colleagues should be cited.
If known, the approximate time after primary HCV infection is indicated (red arrow).
We apologize for the missing citation. Yu D. and colleagues are now cited on page 4 of the revised manuscript.
Reviewer 1 -Minor issue 2:
" Figure 1a and 1b, the gating of PD1 high population was not consistent, with that in 1b shifted to right."
In our flow cytometry experiments fluorescence intensities slightly vary between samples from different patients (stained at the same day) or when samples are stained on different days. With respect to these patient variations and technical fluctuations, we aimed to standardize our gating by setting the PD1hi gates at the upper end of the patients' bulk CD8+ T-cell population. To avoid confusion on this issue, we exchanged the dot plot in Figure 1a of the revised manuscript (see Rebuttal Figure 4a ). The dot plots in Figure 4b) ).
Reviewer 1 -Minor issue 3:
"Labels in many figure panels were too small." 
PD1
We increased the font size of our figures to improve readability.
Reviewer 1 -Minor issue 4:
"The in vitro expansion experiments seemed to be done in less than optimal conditions. The best expansion is about 1.5 fold after 14 day culture ( Figure 6 ). Are these specific to exhausted cells? How do memory CD8
T cells from acute infection behave under the same condition? Could culture conditions such as cytokine and peptide concentration can be optimized?"
It is important to note that the term "expansion factor" in our study is being used to facilitate logarithmic depiction in the figures: achieved by our in vitro conditions was about 1500. However, we agree that the used term "expansion factor" might be misleading and therefore describe the term in more detail in the revised legend of Figure 6 ("The expansion factor is the logarithmic fold-increase in absolute numbers of HCV epitope-specific CD8+
T cells from day 0 to day 14 of in vitro culture"). Further details are given in the methods section of the revised manuscript.
Reviewer 1 -Minor issue 5:
"More info is needed for the one patient in figure 7 . Is the patient treated after relapse. Some data showed 70 weeks for viral load (7a), and called FU58, in legend called FU1yr. should be consistent."
We thank the reviewer for this important point and apologize for not including more information about patient 13 after viral relapse. We have now extended Table 1 in the revised manuscript by the information "untreated after relapse" (patient 13) (see Rebuttal Table 2 ). Also, the figure legend of Figure week 70: follow-up visit 58 weeks after end of therapy).
Rebuttal Supplementary Fig. 7 )" In addition, we extended our data by Supplementary Figure 7 in the revised manuscript showing the MFI of TCF1 on CD127+PD1+ HCV epitope-specific CD8+ T cells during therapy (see Rebuttal Figure 5 ).
Reviewer 1 -Minor issue 7:
"page 7, line 5 "homogeneous CD127+PD1+" is an overstatement and not accurate, should be something like "strongly skewed to …""
We also corrected our wording here by replacing the phrase "do not show a heterogeneous phenotype but rather consist of a homogeneous CD127+PD1+ population" by "do not show strong heterogeneity but rather consist of a predominantly CD127+PD1+ population").
Rebuttal Figure 5 (Supplementary Figure 7 of the revised manuscript) TCF1 expression by CD127+PD1+ HCV epitope-specific CD8+ T cells does not change during DAA therapy. The TCF1 MFI (median fluorescence intensity) of CD127+PD1+ HCV epitope-specific CD8+ T cells was analyzed during DAA-mediated HCV elimination (n=14). Statistical significance was assessed
by Friedman test. Reviewer 3: "The authors present an analysis of phenotypic changes in the HCV-specific CD8 T cell populations following SVR in Figure 3 . These data demonstrate a reduction in frequency of some subsets that are suggested to be terminal. One wonders whether it is possible to provide some additional information about numerical changes or other data to begin to address the question of selective survival/death versus conversion of phenotype. Does data exist on cell numbers / ul of blood (admittedly this will still be a frequency of sorts, but might add insight). Whether based on numbers or other approaches some additional insights into this question would be valuable."
We agree with the reviewer that it is of major importance to differentiate between cell survival and death versus phenotype conversion. Unfortunately, we cannot give information about cell numbers per ul of blood, since lymphocyte counting is not routinely being done with our patient blood samples before PBMC isolation.
However, we addressed this issue by analyzing apoptotic activity in the different CD127/PD1 subsets of We fully understand the concern of the reviewer and have addressed all suggestions to demonstrate reliability of our data.
During the peptide/MHC class I tetramer enrichment protocol, tetramer-labelled cells are co-incubated with magnetic beads directed against the tetramer-bound fluorochrome (anti-PE or anti-APC). The co-incubation of tetramer-labelled cells with anti-tetramer antibodies already has been described to increase the sensitivity of peptide/MHC class I tetramer stainings 5 by stabilization of the tetramer-MHC link. As shown in Rebuttal Figure 7a , we also observed an increased sensitivity to detect virus-specific CD8+ T cells by co-incubation with anti-fluorochrome beads. To demonstrate that the higher frequency of tetramer+ cells was not due to unspecific peptide/MHC class I tetramer binding (especially since non-specific tetramer staining often has a CD127+ phenotype), we analyzed the herein highly relevant CD127/PD1 phenotype on tetramer+ CD8+
T cells detected either with or without anti-fluorochrome bead enrichment. Importantly, the phenotype of detected tetramer+ CD8+ T cells did not differ between the two detection methods. Moreover, we did not observe any accumulation of a typically unspecific CD127/PD1 subset (which could probably be expected to be CD127+PD1-or CD127-PD1-) after peptide/MHC class I tetramer stabilization with anti-PE beads (Rebuttal Figure 7b-e) . The results indicate that peptide/MHC class I tetramer-binding of CD8+ T cells not specific for the indicated viral epitope is rather unlikely in our protocol. These data are now implemented in Supplementary Figure 1 of the revised manuscript.
Next, we asked whether tetramer-binding reduces peptide-specific cytokine production by CD8+ T cells after peptide-stimulation. Specifically, we stimulated PBMCs harboring virus-specific CD8+ T cells ranging from a very low frequency to a very high frequency (Rebuttal Figure 8a ) with viral peptide either with or without prior tetramer staining and anti-PE labelling (Tet + anti-PE beads). After 5 hours of peptide-stimulation at 37°C, we analyzed bulk CD8+ T cells for cytokine production. The results show that prior tetramer-labelling only slightly reduces the amount of TNF/IFN production by CD8+ T cells (Rebuttal Figure 8b) . Importantly,
Rebuttal Figure 7 (Supplementary Figure 1 of the revised manuscript) Peptide/HLA-A*02 tetramer-based enrichment procedure specifically increases detection of virus-specific CD8+ T cells. Peptide/MHC class I tetramer staining was performed with or without subsequent incubation of tetramer-labelled CD8+ T cells with anti-fluorochrome (anti-PE) microbeads. (a) Representative dot plots are depicted of three virus-specific CD8+ T-cell response (reaching from low to high frequency) either without anti-PE labelling (upper panel) or with labelling with anti-PE microbeads (lower panel) (2 healthy donors (HD) with 3 virus-specific CD8+ T-cell responses: 2 FLU, 1 EBV). (b-e) To exclude unspecific peptide/HLA-A*02 tetramer-labelling and thus enrichment of specific CD127/PD1 subsets, the phenotype of tetramer-labelled virus-specific CD8+ T cells was analyzed before and after co-incubation with anti-fluorochrome beads (9 epitope-specific CD8+ T-cell responses from 5 healthy donors: 4 FLU, 3 EBV, 2 CMV). Statistical significance was assessed by Wilcoxon test.
T e t T e t + a n t i -P E comparable cytokine production could be detected even for virus-specific CD8+ T-cell responses present at low frequencies. Thus, we conclude that cytokine production after peptide stimulation is not severely influenced by prior tetramer staining. These data are now presented by Supplementary Figure 10 of the revised manuscript.
13
Rebuttal Figure 8 (now Supplementary Figure 10 To address the reviewers concern about the poor cytokine production by FLU epitope-specific CD8+ T cells in our cytokine assay we determined the maximum potential of CD8+ T cells to produce cytokines (without prior tetramer staining). After 5 hours of PMA/Ionomycin stimulation, only about 30% of CD8+ T cells were positive for IFN production (Mdn: 28.3%; IQR: 17.0-40.2%) (Rebuttal Figure 9) . Of note, most cytokines were produced by the effector memory T-cell fraction (Mdn: 60.6%; IQR: 40.7-71.6%). The central memory
T-cell population (that harbors most of FLU epitope-specific CD8+ T cells 6 ) showed a median percentage of IFN+ cells of 37.4% (IQR: 18.9-45.3%). Noteworthy, other publications using a similar approach to detect cytokine production by FLU epitope-specific CD8+ T cells reported similar results 7 . And finally, a further factor influencing functionality might be the usage of frozen PBMCs.
In sum, we are convinced that our results are not influenced by unspecific peptide/MHC class I tetramer binding and that our assay is sensitive enough to detect cytokine production by non-exhausted T cells even for T-cell responses present at very low frequencies.
Reviewer 3 -Major 3:
"The TCF-1 correlation for proliferative status (i.e. Figure 6 ) is interesting, but it is unclear whether the correlations in Figure 6b /c are with the phenotype of the cells at the beginning of the assay or at the end.
More importantly, the causal relationship of TCF-1 in this setting remains unclear. Have the authors considered attempting to express TCF-1 in TCF-1 negative cells or knock down TCF-1 in the TCF-1+ subset? Directly testing the prediction of their data would be nice."
We apologize for the unprecise wording and specified our description about the correlation of expansion factor and T-cell phenotype in the revised Figure legend Noteworthy, a role of TCF1 in T-cell proliferative capacity has previously been reported in the mouse model 8 .
Reviewer 3 -Minor 1:
"In Figure 4f have the authors examined TCF-1 expression in the PD-1+CD127+ vs CD127+PD-1-subsets?
In " Figure 7 presents an interesting anecdote. While the difficulties in analyzing such examples is fully acknowledged, the lack of data between weeks 12 and 24 after DAA initiation is unfortunately and would have provided likely informative insights. Moreover, the number of events analyzed at EOT is very low and raises some concerns. It is certainly worth reporting these data, but if even a single additional such example were available confidence would be greatly improved."
We agree with the reviewers concerns that we only can show one relapse patient with a low number of detectable HCV epitope-specific CD8+ T cells at the end of therapy. Due to the very high efficiency of DAA therapy, patients with HCV relapse are very rare. Our overall cohort of HCV-infected patients receiving DAAs who were monitored during this study includes about 370 patients. However, only one of these patients who fitted the criteria to be included in this study showed an HCV relapse. Thus, we hope to increase the readers' confidence by presenting all phenotypical analysis we could perform on the available patient samples. These data show that the phenotypical changes during therapy and after viral relapse are closely linked to viral eradication (Rebuttal Figure 11 ; now Supplementary Figure 11 and page 12 of the revised manuscript).
Reviewer 3 -Minor 3:
In Supplemental Figure 
Reviewer 3 -Minor 4:
For Supplemental Figure 3 , it might be worth presenting the CD122 data as MFI also given the potential challenge of identifying truly positive and negative cells for CD122.
Based on recent findings that LCMV epitope-specific CD8+ T cells do not express CD122 at late time points during chronic viral infection 9 , CD122 expression on HCV epitope-specific CD8+ T cells was an unexpected finding. To improve transparency of our data, we extended Supplementary Figure 4 with an example for CD122 gating (Rebuttal Figure 13a) and CD122 analysis by MFI (Rebuttal Figure 13c) . These data are now shown in Supplementary Figure 4 of the revised manuscript. 
Rebuttal Figure 12 (Supplementary Figure 3 of the revised manuscript) HCV epitope-specific CD8+ T cells in general exhibit low expression of T-bet. T-bet expression was defined in HCV epitope-specific CD8+ T cells (n=13) and compared to expression in CMV epitope-specific CD8+ T cells (n=9) and naïve CD8+ T cells (n=18) of chronically HCV-infected patients. Statistical significance was assessed by Mann-Whitney test (*, P<0.05.). Bar charts show the median. MFI: median fluorescence intensity.
